INTRODUCTION
. Activity is regulated by multiple allosteric effects. The enzyme from each source exhibits positive co-operativity for isocitrate [6] [7] [8] . Negative co-operativity has been reported for NAD+ in the enzyme from bovine heart [9] . In the mammalian enzymes, ADP acts as a positive heterotropic effector whereas ATP, NADH and NADPH have negative heterotropic effects [4, 10] . The enzyme from yeast is simpler, with AMP acting as a positive heterotropic effector [6] .
The derived amino acid sequence for the mature protein contains 339 amino acids and has a molecular mass of 36685 Da. Complete identity with N-terminal and Cys-containing peptides totalling 92 residues from the a-subunit of the pig heart enzyme [Huang and Colman (1990) Biochemistry 29, [8266] [8267] [8268] [8269] [8270] [8271] [8272] [8273] suggests that maintenance of a particular three-dimensional structure in this subunit is crucial to the function of the enzyme. An electrophoretic heterogeneity within the pig heart a-subunit, similar to that shown by bovine subunits 3/4, was demonstrated. One reordering of the Cys-containing peptides of the pig heart cx-subunit is indicated. Sequence comparison with the distantly related NADP+-dependent enzyme from Escherichia coli, for which the three-dimensional structure is known [Stoddard, Dean and Koshland (1993) Biochemistry 32, [9310] [9311] [9312] [9313] [9314] [9315] [9316] shows strong conservation of residues binding isocitrate, Mg2+ and the NAD+ moiety of NADP+, consistent with a catalytic function.
Despite intensive study over many years illuminating many aspects of the enzyme's action, the structural information required to understand the catalytic mechanism and complex allosteric effects has been slow to emerge. Heterogeneity among the subunits is present consonant with the degree of allosterism. The enzyme from bovine heart was reported to contain four nonidentical subunits of approx. 40 kDa (subunits 1-4 in order of increasing mobility on SDS/PAGE), apparently present in equimolar amounts, possessing distinctive peptide maps [11] .
Concurrently, the enzyme from pig heart was found to possess first two subunits, by an SDS/PAGE system different from that used for the bovine heart [12] , and then, by isoelectric focusing, three subunits, a, , and y, present in the ratio 2:1:1 [13] . Sequencing of the N-terminal region and of Cys-containing peptides of the three subunits of the pig heart enzyme established their uniqueness [14] . The discrepancy in the number of different subunits in the enzymes from bovine and pig hearts remained unresolved.
Isolated a-, ,-and y-subunits from pig heart contained low catalytic activity, with the a-subunit being the most active [15] . Subunits f and y were inactive when combined, but each conferred enhanced activity when added to a. The highest activity was found only in native enzyme containing all three species. Formation of dimers using chemically modified subunits indicated that the isocitrate-binding sites of the a-subunits but not of ft or y were crucial for activity [16] . These data suggest a catalytic function for the a-subunit. The partial sequence obtained for the pig heart y-subunit N-terminal and Cys-containing peptides [14] provided information leading recently to the sequencing of fullAbbreviations used: IDH, isocitrate dehydrogenase; DTE, dithioerythritol; PVDF, poly(vinylidene difluoride); poly(A)+, polyadenylated; UAP, universal amplification primer; AP, adaptor primer.
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length y-subunit clones from rat epididymis and monkey testis tissue and to additional sequence from a pig heart clone [17] .
The simpler enzyme from yeast was shown early on to contain two non-identical subunits, IDHI and IDH2, present in equimolar ratio [5] . Genomic DNA encoding each of these has recently been cloned and sequenced, facilitated by the absence of introns [18, 19] . The homology between the two subunits was 42 %. Site-directed mutagenesis suggested that IDH2 functioned catalytically, whereas IDHI had a regulatory role [20] . The subunits had 40-5 % homology with the mammalian y-subunits [17] .
Recent structural work on the distantly related NADP+-dependent enzyme from E. coli [21] [22] [23] , a homodimer regulated solely by phosphorylation which prevents isocitrate binding [24] , has provided information that serves as a valuable reference point for investigating the catalytic action of the eukaryotic NADI-dependent enzymes. The E. coli enzyme lacks homology with eukaryotic NADP+-dependent enzymes but has low (32 %) but significant homology with sequenced subunits of eukaryotic NAD+-dependent enzymes (yeast IDHl, IDH2 and mammalian y). High-resolution three-dimensional structures obtained by Xray crystallography revealed that its topology and substrate-and cofactor-binding structures were similar to those of isopropylmalate dehydrogenase, another decarboxylating dehydrogenase [25] , but different from those of other known dehydrogenases, suggesting a distinct evolutionary pathway for decarboxylating dehydrogenases [26] . Key residues binding isocitrate, Mg2+ and NADI were identified. Those binding isocitrate are conserved in both of the yeast subunits and the mammalian y-subunit. Residues involved in binding NADI are additionally conserved in the yeast IDH2 subunit, supporting studies indicating its importance in catalysis [20] .
Although studies of the enzyme from lower organisms can provide valuable information on the mechanism of catalysis and, eventually, in the case ofyeast, an understanding ofco-operativity for isocitrate and the allosteric effect exhibited by AMP, the more complex allosteric interactions involving the multiple effectors regulating the mammalian enzymes can only be elucidated by direct study of these enzymes.
In this report we confirm the presence of the four non-identical subunits (subunits 1-4) previously described for the enzyme from bovine heart [11] and characterize them by N-terminal sequencing. Subunits 1 and 2 are the counterparts of pig heart subunits f6 and y respectively. Subunits 3 and 4 are identical over their first 30 residues and homologous with the pig heart asubunit. The pig heart a-subunit is shown to possess heterogeneity on electrophoresis, yielding two species similar to bovine heart subunits 3 and 4. The full-length sequence, including that for mitochondrial import, is presented for a protein containing the processed N-terminus of bovine heart subunits 3 and 4, deduced from cDNA obtained and cloned by utilizing N-terminal sequence information. Homology comparisons with partial sequence reported for the pig heart a-subunit, the y-subunits of rat epididymis and monkey testis, the subunits of the NAD+-dependent enzyme from yeast, and with the NADP+-dependent enzyme from E. coli, suggest a catalytic function for this subunit. Protein assays Protein and enzyme activity were determined as described by Plaut [27] . One unit of enzyme activity is defined as the amount of enzyme that catalyses the formation of 1 ,umol of NADH/min at 24 'C.
MATERIALS AND METHODS
Bovine heart NAD+-IDH purfflcaffon
The enzyme was prepared to the stage of(NH4)2SO4 fractionation of an extract of lyophilized mitochondria as described previously [11] . [28] to which was added 10 % glycerol, 2 mM MnSO4 and 0.1 mM dithiothreitol [13] . The homogenate was centrifuged at 23 300 g [29] and the supernatant filtered through cheesecloth. Proteins precipitating between 22 and 34 %-satd. (NH4)2SO4 [29] were subjected to gel filtration on Superose 6 equilibrated as described by Shen et al. [2] . Active fractions were applied to the preparative hydrophobic interaction column (SPW), as described for the bovine heart enzyme. This was followed by chromatography on the Mono Q anion-exchange column using the conditions developed for the bovine heart enzyme. The most active fraction had a specific activity of 16 units/mg. Two-dimensional electrophoretic analysis of purffied bovine heart enzyme Electrophoresis in the first dimension under non-denaturing conditions and in the second in the presence of SDS was carried out as described previously [11] .
N-Terminal sequencing of enzyme subunits
The bovine and porcine subunits, separated by SDS/PAGE [11] , were electroblotted to poly(vinylidene difluoride) (PVDF) paper (Immobilon from Millipore, Milford, MA, U.S.A. or Problott from Applied Biosystems, Foster City, CA, U.S.A.) according to the procedure of Matsudaira [30] . Modifications employed in studying the pig heart subunits included aging the gel by preparing the separating gel the night before electrophoresis, using the free-radical scavenger mercaptoacetic acid in the running buffer and omitting acetic acid from blot stain and destain solutions. Edman degradations and phenylthiohydantion amino acid analyses were carried out using standard cycles on a model 470A gas-phase protein sequencer connected on-line to a microbore HPLC phenylthiohydantion-amino acid analyser (model 120), both from Applied Biosystems. Sequences were evaluated visually and quantification was carried out with the aid of a model 900 data-processing module from Applied Biosystems. mRNA isolation mRNA for procedures leading to 3'-RACE (a system for rapid amplification of cDNA ends) was obtained by the method of Auffray and Rougeon [31] , modified for muscle (S. Benoff, personal communication) and followed by elution from an oligo(dT)-cellulose column [32] . Frozen bovine heart tissue bathed in liquid nitrogen was pulverized using a mortar and pestle to yield a powder which was homogenized in a Dounce homogenizer in 2 M LiCl/4 M urea (8 ml/g tissue) at 37 All PCRs utilized the GeneAmp PCR System 9600 (PerkinElmer). Poly(A)+ RNA was first reverse-transcribed using PerkinElmer's RNA PCR kit with random hexamers as the primer. The concentrations of Mg2+ and dNTP were 5 mM and 1 mM respectively. Reaction conditions were 42°C for 15 min followed by 99°C for 5 min. The degenerate primers for PCR, 905S and 903A, with BamHI and EcoRI sites respectively added at their 5' ends, were based on the N-terminal amino acid sequence of the bovine heart NAD+-IDH 3/4 subunit (see under 'Primers' and 'Sequencing of subunits 3/4 using PCR technology' in the Results section). Mg2+ (5 mM final concentration), buffer, water, 2.5 units of Taq polymerase and 1 ,ug of each primer were added to the reverse-transcription mixture to a final volume of 100 ,ul. PCR conditions were 95°C for 1.5 min, followed by 45 cycles of 95°C for 15 s, 37°C for 1 min and 63°C for 2 min. The reaction was evaluated at 30 cycles by running one-tenth of the PCR mixture on a 10 % polyacrylamide gel. The PCR product was extracted, precipitated, and digested with EcoRI and BamHI overnight at 37 'C. The band obtained at about 90 bp on a 10 % polyacrylamide gel was excised and the DNA electroeluted. The DNA was then ligated to EcoRIBamHI-cut pGEM7Zf( +) (Promega) and transformed into competent E. coli cells. Selected colonies were grown and the plasmid DNA was isolated and cleaved with EcoRI and BamHI. Ten clones with inserts were subjected to sequencing. Despite the fact that several nucleotide positions within the primer regions differed, the internal amplified sequences of all ten tested clones were the same, and the peripheral variability could be attributed to primer degeneracies and a low annealing temperature during PCR.
3'-RACE First-strand cDNA was synthesized from poly(A)+ RNA using the 3'-RACE system for rapid amplification of cDNA ends [33] from Gibco/BRL as described in the Gibco protocol except that 0.5 ,ul (10 units) of RNase inhibitor from the Perkin-Elmer RNA PCR kit was added before reverse transcription. A small amount (1/20 to 1/600) of the cDNA was amplified by PCR, using the universal amplification primer (UAP; Gibco/BRL 3'-RACE kit) and the 5'-gene-specific primer Z1 (see under 'Primers') and employing the hot start PCR procedure (Perkin-Elmer). Buffer, dNTPs (0.2 mM each), Mg2`(2.5 mM), primers (200 nM each) and wax were heated for 5 min at 80 'C and cooled on ice. Taq polymerase (2.5 units) and cDNA were then added and the tubes heated at 95 'C for 1.5 min. Thirty cycles of 95 'C for 15 s, 55 'C (or 60 'C) for 30 s, and 72 'C for 3.5 min took place, followed by a final extension of 14 min at 72 'C. Products were evaluated by agarose-gel electrophoresis. The PCR product was extracted, precipitated and cut with MluI (UAP has an Mlul site) and EcoRI (Zl has an EcoRI site) in MluI buffer overnight at 37 'C. DNA greater in size than 1400 bp was isolated by electroelution after PAGE, ligated to pGEM7Zf( +) and introduced into E. coli cells. Colonies were tested for the presence of inserts by miniprep plasmid DNA preparations and PAGE analysis of restriction digests. Four independent clones were sequenced, one completely on both strands, the others partially.
5-RACE
Poly(A)+ RNA for 5'-RACE was obtained using the PolyATract System 1000 (Promega) according to the manufacturer's instruc-tions. Briefly, after homogenization of bovine heart tissue, poly(A)+ RNA was hybridized to a biotinylated oligo(dT) probe and captured by Streptavidin MagneSphere Paramagnetic Particles. The particles were washed with 0.0075 M sodium citrate/0.075 M NaCl (0.5 x SSC). Poly(A)+ RNA was eluted with water, precipitated with ethanol and dissolved in a small amount of water.
cDNA for PCR was prepared using the 5'-AmpliFINDER RACE kit (Clontech) [34] . Poly(A)+ RNA was primed with random hexamers, and cDNA was synthesized. The RNA was then hydrolysed with NaOH. After neutralization, the cDNA was separated from the primers using GENO-BIND (Clontech) and precipitated. Ligation to the AmpliFINDER anchor employed T4 RNA ligase in a 20 h incubation at room temperature. 1 % of the cDNA was amplified by the hot start PCR procedure using anchor primer and Z12, an IDH subunit 3/4-specific primer (see under 'Primers'). The conditions were 95°C for 20 s,35 cycles of94°C for 15 s,55°C for 15 s, and 72°C for 75 s, and finally 7 min at 72 'C. Electrophoresis revealed a major band larger than 600 bp in the PCR mixture. The product was cloned, using EcoRI and BamHI sites incorporated in the primers, into pGEM7Zf(+), as described for 3'-RACE. Six positive clones were analysed. One was sequenced in both directions from the 5' end of the insert past the end of the leader sequence using the M13 forward primer and CIP3/4SAI99 (see under 'Primers'). The rest were sequenced in the forward direction.
Sequencing of cloned products
The Magic and Wizard miniprep kits from Promega were used to generate plasmid DNA for sequencing according to the manufacturer's technical bulletin. DNA was precipitated by ethanol and resuspended in 8-20,ul of water. Sequencing was performed based on the enzymic method [35] using the silver sequencing system from Promega. Each procedure used 4 1 (about 2-4,sg) of DNA and 4.5 pmol of primer. Initial denaturation occurred at 95 'C for 2 min. For M13 forward primer (24-mer) sequencing, the PCR sequencing conditions were 60 cycles of 95 'C for 10 s, and 70 'C for 25 s; for M13 reverse primer (17-mer) and other synthetic primers the conditions were, 95 'C for 10 s, 42 'C for 10 s and 70 'C for 20 s. Sequencing plates were prepared as indicated in the Promega manual. Products were separated on a 6 % polyacrylamide/8 M urea gel (National Diagnostics, Atlanta, GA, U.S.A.).
To sequence the internal region of the 1600 bp DNA, three Figure 10 ) were based on newly obtained sequence. Z1-Z9 were synthesized and purified (tritylspecific) by Ransom Hill Bioscience. Z2, Z6 and Z8 were used to sequence the insert ofclone 102 in the sense direction; Z5, Z7 and Z9 were used to sequence it in the antisense direction.
For 5'-RACE, Clontech provided the AmpliFINDER anchor, 5'-CACGAATTCACTATCGATTCTGGAACCTTCAGAG-G-NH3 (the EcoRI site is underlined), and anchor primer, 5'-CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCGA-TAG-3'. Z12 (5'-CAGGATCCGGTGGTTGTTCCGTGC-3') (antisense; bases 602-617; see Figure 10 : underlined is the BamHI site) was ordered from Ransom Hill Bioscience without tritylspecific purification and used as the sequence-specific primer in 5'-RACE. CIP3/4SA199 (5'-GGCTTCTGGAGGGATCATCCACTT-3') (antisense; bases 272-295; see Figure 10 ), a trityl-specific sequence from Ransom Hill Bioscience, was used in reverse sequencing of 5'-RACE products.
RESULTS

Subunit heterogeneity
Four non-identical subunits were previously identified in bovine heart NAD+-IDH [11] , a result that has remained controversial because only three species were found in the related enzyme from pig heart (13] . The finding for bovine heart is furtherfdocumented here with enzyme purified by updated methods from a single animal. As the purity of the preparation increased, the four subunit bands previously identified as components of the active specific purification and used for sequencing. (Figure 2a, gel A) , which is followed immediately by a diffusely staining region and then two distinct bands, y and z. Band x is the only band to exhibit enzyme activity (Figure 2a, gel B) . When a similar unstained native gel is subjected to second-dimension electrophoresis in the presence of SDS, the pattern shown in region (B) of Figure 2(b) is obtained.
The active band in the first dimension, band x, is shown to contain each of the four species, 1, 2, 3 and 4, which are the major bands when the enzyme is analysed directly by SDS/PAGE (as in Figure 2b , region A). The diffusely staining material migrating just ahead of band x in the first dimension gives rise to a spot co-migrating with subunit 1, and bands y and z in the first dimension contain proteins with the mobilities of subunits 4 and 3 respectively. 'Trails' extend from subunit components 3 and 4 of the active band x to the spots derived from first-dimension bands z and y respectively, and Coomassie Brilliant Blue-staining material similarly trails from active band subunit 2 to a position correlating with the top of the first-dimension gel. Active band subunit is too close to its partner, derived from the diffusely stained material in the first dimension, to show such a trail.
As proposed previously [1 1 ], this pattern is consistent with the enzyme being in a state of partial dissociation at the initiation of first-dimension native PAGE. The dissociation continues slowly during native PAGE. Time-dependent incubation of the active band, cut out after an initial period of electrophoresis, followed by continuing native PAGE, generated the distinctive fastmoving bands y and z, in support of this analysis [11] . Missing from the two-dimensional pattern of Figure 2( 
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Pigy Figure 4 Comparison of N-terminal sequences from the subunits of NAD+-IDH from bovine and pig hearts and from yeast (subuniti, subunt2, Figure 6 N-terminal sequencing of the three bands shown In Figure 5 for subunits3/4 from bovine heart; piga, plgfi, pigy from pig heart [14] ; yeastl pig heart NAD+-IDH and yeast2 from yeast [18, 19] Figure 4 compares these sequences with N-terminal peptide sequences from the three subunits identified for the enzyme from pig heart, a, /8 and y [14] , and with similar stretches of N-terminal sequence taken from the full sequences of the yeast IDHI and IDH2 subunits [18, 19] .
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Bovine heart subunit 1 has strong homology with pig heart subunit /, subunit 2 with pig heart subunit y. The bovine sequences from subunits 3 and 4 are identical over the length obtained with that of pig heart a. It is notable that subunits 3 and 4 are homologous with pig heart subunit a which is present in the intact enzyme in the ratio 2a: 1,8: ly. If four non-identical subunits are indeed present in the pig heart enzyme, it is from within a that we would expect the additional species to appear. Although the sequences compared are short, the complete identity, across species lines, of subunits 3/4 and a hints at the particular importance of these subunits to the function of the enzyme. Comparison of the mammalian sequences with those of yeast shows considerable homology. Of note is a consensus sequence, P/E G D G V/I/D G P/K E I/L, common to yeast and mammalian subunits.
Electrophoretic heterogeneity in the pig heart a-subunit Purified pig heart enzyme was compared with the bovine heart enzyme by SDS/PAGE ( Figure 5 ). Under conditions where the bovine heart enzyme migrated as four distinguishable bands, that of the pig heart gave three bands, the slowest of the three staining about twice as strongly as either of the other two. The pig heart bands were blotted to PVDF paper and N-terminally sequenced ( Figure 6 ). Each cycle of the sequence obtained for the stronger-staining slowest-moving band contained two amino acids, which on comparison with the published N-terminal peptides of the pig heart subunits [14] proved to be due to the presence of subunits and y. Each of the two lower bands possessed the N-terminal sequence of the pig heart a-subunit. Thus the heterogeneity represented by bovine heart subunits 3 and 4 (apparent after electrophoresis under native conditions, in the presence of urea alone or SDS, in the Laemmli procedure [11] ) is also revealed in the homologous pig heart subunit on examination in the Laemmli SDS/PAGE procedure. Sequencing of subunits 3/4 using PCR technology Subunits 3 and 4 were selected to be studied first, as they have the added interest of the origin of their structural differences. A nonredundant 5'-sense primer, to be used subsequently in PCR to yield a full-length cDNA from poly(A)+mRNA, was obtained as follows: reverse translation of the protein sequence obtained for subunits 3 and 4 yields an oligonucleotide with the degeneracies: The original primer regions are underlined. The sequence-specific sense primer selected for 3'-RACE is shown in bold. An EcoRl site was added to its 5' end.
heart poly(A)+ RNA, yielded a band with the predicted length (86 bp + 16 bp in linkers) when examined by electrophoresis on a 10 % polyacrylamide gel ( Figure 7 ). The sequence of the cloned product encoded the N-terminus of subunits 3/4 ( Figure 8) . A sense primer, Z 1, for use as the sequence-specific primer in 3'-RACE, was selected from within the non-degenerate central region ( Figure 8 , sequence in bold). Bovine heart poly(A)+ RNA was reverse-transcribed using the oligo(dT) region of AP and the resultant cDNA amplified using the UAP of AP as antisense primer and Z1 as sense primer. Electrophoresis of the products revealed several bands, only one of which was greater than 1 kb (Figure 9 ). Cloning of this band yielded five positive clones. One clone was sequenced completely on both strands, the others partially. The sequence of the 5'-untranslated region and the leader sequence were obtained after cloning of 5'-RACE products as described in the Materials and methods section. The complete cDNA and deduced amino acid sequences are shown in Figure 10 . Of six 5'-RACE products examined, the two longest gave the sequence shown. A typical poly(A)+ signal, AATAAA, is present near the cDNA 3' end. The sequence GTG GAC GCG ATG G, enclosing the initiation codon ATG at bases 44 46, is identical at nine of 13 positions with the translation initiation consensus sequence, GCC GCC G/ACC ATG G [37] . The identity includes the strong preference for G at positions 1, 4, 7 and 13.
The molecular mass of the predicted mature protein (339 amino acids) is 36685 Da. The subunit contains sequences identical with those of the N-terminal and 11 Cys-containing peptides from the pig heart a-subunit totalling 92 residues [14] ( Figure 11 ). These sequences are distributed throughout the length of the bovine heart subunit. The high degree of homology continues that remarked on for the N-terminal sequence. The bovine sequence calls for a rearrangement of the previous ordering of certain of the pig heart Cys-containing peptides. Specifically, pig heart peptides II, III and IV (indicated in Figure  11 ) immediately precede peptide IX, rather than overlapping by two residues the C-terminus of peptide Va as proposed by Huang and Colman [14] . Peptide Va is located some distance from the C-terminus. This revision increases the number of known Cys residues in the pig heart enzyme from 6 to 7. The bovine heart enzyme contains an additional Cys residue at position 236, which was not detected in the pig heart study. If present, it is some distance (position 37) into the long tryptic fragment that begins with peptide IX.
The bovine sequence is additionally aligned in Figure 11 with the unique subunit of NADP+-IDH from E. coli [38] , with the N-terminal peptide YANVIHCKSLPGVVTRHKD ---IDILIVRENTEGEYSSLEBESVAGVVE-182 VTAVHKANIMRMSDGLFLQKC1REVA-ENC --------Kr 224 Comparison of the above sequences with those of the related enzyme from pig heart [14] revealed that subunits 1 and 2 are homologous, but not identical, with subunits /, and y respectively of the pig heart enzyme. Subunits 3 and 4 are identical, over the first 30 residues, with pig heart subunit a. Since the pig heart subunit a is present in the ratio 2a: 1,8: ly in the intact enzyme, the electrophoretic heterogeneity resulting in subunits 3 and 4 of the bovine heart enzyme raised the possibility of a comparable heterogeneity in the pig heart a-subunit. Such a heterogeneity was indeed found after electrophoresis of the pig heart subunits under the conditions that yielded the bovine heart heterogeneity.
Utilization of the N-terminal sequence for subunits 3/4 led to a full-length cDNA through reverse transcription-PCR, cloning and sequencing. The sequence was extended in the 5' direction by anchored PCR, yielding a leader sequence containing the complete mitochondrial import sequence, as indicated by the consensus sequence for the translation initiation start site. Further work will be required to determine whether the 5'-untranslated region is complete.
The amino acid sequence for the mature protein contained 339 amino acids and had a molecular mass of 36685 Da, comparable with the 39000 Da and 39600 Da obtained for subunits 3 and 4 respectively by SDS/PAGE [11] . The degree of identity of subunits 3/4 with derived protein sequences for the y-subunits from rat epididymal and monkey testis issue was relatively low (42 %) although both species possess a P-loop-type ATP/GTPbinding site near the C-terminus and have conserved residues indicated in E. coli to be required for isocitrate binding. The IDH/isopropylmalate dehydrogenase signature sequence is present in subunits 3/4 but this region in the y-subunits is sufficiently altered that it is not recognized by PC/Gene. In contrast, the 92 residues reported for the N-terminal region and Cys-containing peptides of the pig heart ac-subunit [14] were completely conserved. This identity across species line suggests that maintenance of a particular sequence and therefore structure for subunits 3/4/a may be crucial to the enzyme's function. Subunits 3/4 retain all residues that were shown in the distantly related E. coli NADP+-dependent enzyme to bind the substrates Mg2+ and isocitrate and five of eight residues interacting with NAD+. The y-subunits from rat and monkey possess six of seven residues binding isocitrate but fewer than half those involved with either Mg2+ or NAD+ [17] . These observations are consistent with evidence indicating that the homologous pig heart a-subunits are important catalytically [15, 16] , whereas the f-and y-subunits act in a regulatory fashion. The higher homology of subunits 3/4 with the yeast IDH2 subunit (indicated to be Figure 11 Alignment of amino acid sequences of eukaryotic NAD+-IDH subunits and E. coli NADP+-IDH: bovine heart IDH subunits 3/4, rat epididymal and monkey testicular y-subunits [17] , yeast IDH1 and IDH2 [18, 19] and E. coil IDH [38] Pig heart N-terminal and Cys-containing peptides of the a-subunit [14] , identical with sequences in the bovine subunit catalytic) than with IDHI (indicated to be regulatory) [19] fits with these conclusions.
The origin of the heterogeneity in subunits 3 and 4 in the bovine heart enzyme remains to be determined. Possibilities include the existence of two unique gene products, limited alternate splicing of a single primary transcript or a posttranslational modification(s). Although only a single full-length coding sequence was obtained after 3'-RACE, this may have been because of low cloning efficiency (only five clones were obtained after several rounds of PCR and transformation). Of possible post-translational modifications, phosphorylation is of interest because of its inhibitory effect on isocitrate binding in the E. coli enzyme [40] . Numerous potential phosphorylation sites can be located within subunits 3/4 using prediction programs such as Prosite from PC/Gene. Ser-109, homologous with the phosphorylatable Ser-1 13 of E. coli, does not have the characteristics of such a site. A single potential N-glycosylation is present at residue 167.
The complexity of NAD+-IDH, evident in the mammalian enzymes by multiple homotropic and heterotrophic effects, is apparent even in the E. coli enzyme in the involvement of the two subunits of the homodimer in each of the two Mg2+-isocitratebinding sites. The conservation of key residues for Mg2+-isocitrate binding in the bovine subunits 3/4 indicates that adjacent subunits contribute to the active site in the mammalian enzymes. Since the minimal size for the active enzyme is a tetramer, it is very possible that an active site comprises a contribution from a catalytic subunit, such as subunits 3/4 or a, and a 'regulatory' subunit which may be subunit 1/f, or 2/y.
Whether this is so must await determination of the quaternary structure of the mammalian enzymes. Such an arrangement, where 'regulatory' subunits are required for significant activity, would explain the less than clear cut results found when catalytic and regulatory functions for specific subunits were investigated in yeast and porcine enzymes [15, 16, 20] .
Recently, functional yeast NAD+-IDH was shown to bind with high affinity and specificity to the 5'-untranslated regions of all major mitochondrial mRNAs [41] [42] [43] . Such a finding is quite unexpected, placing IDH into a growing family of RNA-binding enzymes that include glutamate dehydrogenase and thymidylate synthase [44] . Location of the RNA-binding domain in the enzyme, characterization of the RNA-binding element and determination of the regulation and biological role of the enzyme-RNA interaction are of interest. It is hypothesized that the enzymes that bind both (di)nucleotide and RNA and other proteins that bind only RNA originate from a common ancestral enzyme with (di)nucleotide-binding capacity [44] . For yeast NAD+-IDH, binding to mRNA may affect translation, thereby linking the mitochondrial energy-production function to mitochondrial biogenesis [42] . Whether bovine NAD+-IDH possesses such an activity remains an open question.
